I. INTRODUCTION
THE development of iron-based alloys as an alternative for the more traditional nickel-based superalloys for some components in power plant gas turbine is now well underway. The advantages of using a ferritic stainless alloy instead of a nickel-based alloy in medium temperature applications are readily apparent: not only an iron-based alloy would be considerably cheaper than the nickel counterpart, but a significant improvement could be expected in mechanical properties. These range from a superior strength-to-weight ratio, to a higher melting temperature, which would be expected to give substantially higher creep resistance, to a lower thermal expansion coefficient, which under cyclic heating would rise to less thermal stresses development.
An iron-based alloy currently being considered for such an application is a Fe-Cr-Al alloy, mechanically alloyed with yttrium oxide. The oxide dispersion is included to confer greater strength on the alloy, causing substantial directionality in the microstructure upon recrystallization of the alloy.
The development of a high directional microstructure has been shown to be extremely important in nickel-based alloys, which are currently used in this application. Wilcox and Claver [1] showed that this type of structure greatly enhanced creep rupture properties, by having fewer grain boundaries along which easy diffusion would be possible in the direction of elongated grains. In order to attain such microstructure in nickel-based alloys (which have been oxide dispersion strengthened) it is necessary to subject the material to a zone annealing heat treatment; isothermal annealing merely produces an equiaxed structure. It has been shown by Schaffer et al. [2] that in a nickel-based alloy, such as INCOLOY* *INCOLOY is a trademark of INCO Alloys International, Huntington Woods, WV. MA6000, the oxide dispersion did not coarsen at temperatures up to 850 °C, but that some coarsening did occur when the material was treated at 1100 °C for 1000 hours. This coarsening was via an interface-controlled mechanism, involving Ostwald ripening behavior.
Coarsening of this type has been shown to occur much more readily in other systems. It has been shown by Bhattacharyya and Russell, [3] for example, that silica will readily coarsen in a copper matrix at temperatures below 1000°C after only a 24 hour treatment. It had been suggested that such coarsening behavior may well occur in the ferritic steel, yttrium oxide system, and that this could be responsible for triggering the highly directional microstructure, observed even under isothermal recrystallization heat treatments. The aim of this work was to deduce whether yttria readily coarsen in a ferritic matrix.
Furthermore, experimental evidence also suggests that there are subsidiary microstructural aspects that contribute to limitations in the creep performance of these alloys, since it has been found that alumina particles may play a role in creep deformation as either source or sink sites for vacancies. [4, 5] Bands of axially aligned, coarse Al 2 O 3 particles originating from the feedstock powders that can end up clustered on longitudinal secondary recrystallized grain boundaries, and hence that coarsen Al 2 O 3 particles, are nucleation sites for creep cavities on longitudinal boundaries.
[6] However, less clearly understood is the role that these Al 2 O 3 particles may play through Zener pinning in developing directional microstructures. This is the second goal of this work, which was achieved through the analysis of the nature and size of the dispersoids in two different batches of PM2000.
II. MATERIAL AND EXPERIMENTAL PROCEDURE
The material used for the purposes of this work, PM2000, provided by PLANSEE GmbH, is a yttria-dispersionstrengthened alloy containing aluminum and chromium for oxidation and corrosion resistance; it is produced using mechanical alloying in a high-energy ball mill. After alloying, the powder is consolidated by hot isostatic pressing and then formed into bars by hot extrusion. In the case discussed here, the ingot material had an outer diameter of 54.1 mm. The extruded bar was then further hot rolled, and finally, cold rolled to 17.3-mm diameter. Figure 1 shows the processing history used from ball milling to the final fine-grained bar. The material shows an exceptional oxidation and corrosion resistance, due to the formation of a surface alumina scale. This scale has been shown to provide good resistance in hydrogen-methane atmospheres and also in sulfidizing atmospheres. [7] [8] 9, 10] The nature and size of the dispersoids in two different batches of PM2000 are analyzed in this work. One of them (alloy A) is a pure PM2000, with 0.5 wt pct yttria. The other one (alloy B) is a PM2000 base material, but 1 wt pct alumina enriched, with only 0.1 wt pct yttria (Table I ). The amount of Ti and O does not correspond to solid solution elements, but includes the oxide too.
The material is known to undergo recrystallization at temperatures between 1100 °C and 1300 °C. In this sense, samples of alloys A and B were annealed for an hour at 1075 °C, 1100 °C, 1200 °C, 1300 °C, and 1380 °C (melting point, 1483 °C). Optical micrographs were taken, and the hardness of these samples measured. The etchant used to reveal the microstructure was a solution containing 2 g CuCl 2 , 40 mL HCl, 40 to 80 mL ethanol (Kalling Reagent).
Since a statistical analysis of very small sized particles was required, it was decided to produce carbon extraction replicas. Extraction replicas allow examination of relatively large areas of a sample in the transmission electron microscope compared to thin foils. Carbon replicas were prepared according to the Fukami "two-step replica method." [11] Samples were polished in the usual way and then lightly etched with Kalling reagent. A small amount of methyl acetate was dropped and spread on the surface of the specimen. Before the volatilization of the solvent, a cellulose acetate film was laid over the specimen. After a few minutes, the film was peeled from the specimen. Subsequently, to avoid curling of the material, it was kept for about 30 minutes in an air oven heated to 80 °C. Then, the film was put into a high vacuum chamber to perform carbon deposition. Finally, the cellulose acetate layer was dissolved in a sequence of acetone baths. A copper mesh was used to support carbon replicas, which were examined in a JEOL † JEM-200 CX †JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
transmission electron microscope operating at 200 keV. The ripening processes was analyzed measuring the sizes of 700 particles from micrographs of as-received and annealed samples in alloys A and B. Image analysis procedures allowed quantification of the particle size distribution in both alloys. Two measurements of each selected particle were made, mutually perpendicular to each other. Areas of different samples were chosen at random and all particles in that small area were measured. This produced a representative distribution of particles sizes.
III. RESULTS AND DISCUSSION

A. Particle Size Distribution
Figures 2 and 3 show the particles identified, as well as the raw data sorted, as a frequency distribution showing the number of particles having sizes between certain values. It is clear that the majority of the particles are yttria in alloy A, meanwhile aluminum garnets are predominant in alloy B. Previous works [12] revealed a strong alignment of oxide particles after mechanical alloying processes. Since confirming such alignment in the as-received condition was not the aim of this work, transmission electron micrographs from the transversal section of the sample were used to obtain the data presented in these figures.
Nevertheless, the results for alumina-enriched material (alloy B) are quite different for those for alloy A. The density of particles is substantially higher in alloy B. The size distribution graphs show an average diameter of 19 nm for alloy A (Figure 2(b) ) vs 29 nm for alloy B (Figure 3(b) ),
